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Direct current-excited cw CO2 metal waveguide laser
Fahad S. Al-Mashaabi and Lee W. Casperson
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1.

Introduction

Since the demonstration of the first CO2 waveguide

laser by Smith' in 1971, in which the walls of the laser

structure serve as an enclosure to contain the gas mixture and as a waveguide to confine the laser light,
various waveguide designs and plasma excitation
methods have been investigated to meet the demand
23
for a compact, rugged, and efficient laser.

Wave-

guides used for guiding IR radiation are either nonflexible or flexible.

Nonflexible waveguides are usually

used to guide the electromagnetic radiation inside the
laser cavity. The modes of these waveguides have
been studied for hollow dielectric waveguides with cir5
4
cular cross sections and rectangular

cross sections

dielectric waveguides of
and for composite metal and
6 Flexible waveguides that
sections.
rectangular cross
are usually used to deliver CO2 laser beams 9to 0targets
7
are either flexible metal

8

or IR fiber optic "1 wave-

guides. There are often clear advantages to using fiber
optic waveguides for low power applications,

but for

high power applications metallic waveguides have
proved to be the best choice.
To couple efficiently a laser beam into a waveguide,
Marhic et al."1proposed a laser whose output modes
match the waveguide modes. This is done so that the
walls of the laser active medium are made up of a
portion of the waveguide itself or have a similar shape
to it. In this work we are interested mainly in metallic

waveguides. A metallic waveguide could be a hollow
8
tube 7 or a concave strip. Resonators of this type have

been experimentally studied, and examples are the cw
CO2 laser with a slightly bent glass tube'" 2and the
transversely rf-excited metal waveguide laser' with a
concave metal strip waveguide. Although the output
modes of both lasers have been shown to agree well
with the expected Airy-Hermite-Gaussian functions,8
there are practical differences between the two
schemes. The glass tube laser suffers from very inefficient use of the gain medium. The second laser is
more efficient but is more expensive because it requires a rf power supply and impedance matching to
the laser discharge. Another problem is the potential
for rf electromagnetic interference. These problems
may be simultaneously eliminated by designing a new
type of waveguide discharge that is able to generate a
relatively high gain medium using dc excitation.
We report the results of a detailed study of a new

design for metallic waveguide lasers using transverse
dc excitation. In this design the cathode, which also
serves as a waveguide, is a slotted hollow tube.

This

new type of waveguide laser has been constructed and
investigated. The compact size, rugged structure,
positive discharge impedance, and good modal quality
make this metal waveguide laser suitable for many
applications, such as laser surgery, laser machining,
and laser radar. The design and discharge characteristics of this waveguide laser device are described in
Sec. II.

The gain measurements, which are a necessary step

in assessing the suitability of our new waveguide disThe authors are with Portland State University, Department of
Electrical Engineering, Portland, Oregon 97207-0751.
Received 21 October 1988.
0003-6935/89/101897-07$02.00/0.
© 1989 Optical Society of America.

charge for laser excitation and in obtaining the optimum discharge conditions for laser action, are presented in Sec. III. With the addition of an optical
resonator the amplifier becomes a laser oscillator. In
Sec. IV, the operation of this laser is studied by observing the transverse output modes and measuring the
15 May 1989 / Vol. 28, No. 10/ APPLIEDOPTICS
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output power as functions of various discharge parameters.
II.

Slotted Hollow-Cathode

GAS

GAS

Discharge

A slotted hollow metal tube has been developed

which serves as both a waveguide and the cathode in a

transverse discharge. This new waveguide discharge
has many of the characteristics of both plane-cathode
and hollow-cathode discharges. The discharge voltage is low being of the order of 370-450 V. Also, the

COUPLER
COUPLER

discharge exhibits a positive impedance. As a result,

the overall efficiency is increased, since very small or

zero ballast resistance can be used. The optical gain
measurements reveal that a substantial gain is available, and lasing has been achieved. This metal waveguide laser consists (as shown in Fig. 1) of three main
parts-the cathode (waveguide),anode, and resonator
structure.
The cathode material and shape is a simple copper
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tube (i.d. = 1.1 cm) which is slotted along its center axis

with a slot width of 0.9 cm. The cathode is also bent
manually along the optical axis to have the desired
radius of curvature. Copper is chosen for its excellent
10.6-mmoptical properties, low work function, and low
susceptibility to sputtering.' 3 The polished inner surface of the cathode also retains its surface cleanliness
during laser operation, thus eliminating the need for
the toxic and expensive berylium oxide or other materials such as aluminum oxide and boron nitride, which
are sometimes used as waveguide walls. Cooling of the
copper cathode in our design is provided by tap water
that flows through a small diameter copper pipe (i.d. =
0.5 cm) attached to the outer surface of the cathode.
The anode material of this device is not critical, and
no noticeable differences in the V-I characteristics
were observed when different metals were tested. The
anode principally used during our experiments was a 3mm diam brass rod. The anode is supported by another three rods through hinged connections that allow
the matching of the anode's radius to the major radius
of curvature of the cathode. The resonator structure
is enclosed in a vacuum tight Plexiglass tube [i.d. =
8.89 cm (3.5 in.), o.d. = 10 cm (4 in.)] that is 0-ring

sealed at both ends with Plexiglass plates. These
plates also hold the two adjustable mirror mounts.
The device is connected to a power supply of (1.0 kV,
1.5 A) to sustain the discharge. Although the dis-

charge has a positive impedance,

a low 1-kQ ballast

resistor is sometimes used to stabilize the discharge
and to protect the power supply from sudden arcs that
could be caused by defects on the cathode surface.
The ratios of the input gas mixture of C02 :N2:He are
controlled by three Dwyer flow meters. The flow rate
of the gas mixture has been kept constant at 1 SCFH
(standard cubic foot per hour).
A hollow-cathode discharge is sometimes used to
form a strong negative glowby the superposition of two
negative glows opposite to each other. Usually the
hollow cathode is cylindrical in shape. The qualitative theory of hollow-cathode discharge design including such effects as cathode-cathode separation and
1898
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Fig. 2. Slotted hollow cathode discharge system configuration.

anode-cathode

separation

is presented

in Ref. 14.

More quantitative discussions are presented in Refs.
15-17. There are two basic groups of hollow-cathode
discharge designs, transverse and longitudinal, depending on the direction of the electric field with respect to the cathode axis. Various types of hollowcathode discharge have been used as gain media for
He-Ne lasers,'8 He-Cd lasers,'9 argon-ion lasers, and
other high lying ionic level lasers.
A single pass gain of 10%/mhas been reported in the
negative glow of a hollow-cathode discharge in a C0 2He mixture.2 0 In our attempt to obtain higher gain
and also to get a more flexible cathode (waveguide),we
introduced a slot along the cathode axis. Figure 2
illustrates the cross section of this discharge. The
advantages of this configuration can be summarized as
follows: (1) rigid and high thermal conductivity metal
cavity; (2) low discharge voltage; (3) positive imped-

ance similar to the abnormal glow of a plane cathode
discharge; and (4) homogeneity of the discharge along
the cathode center (optical axis).
In our work, we used the Faraday dark space formed
in the middle of the cathode cross section as the laser
gain medium, and there are three reasons for this
choice: First, the negative glowis not a practical plasma for the excitation of the upper CO2 laser level.2 0
Second, the positive column is hard to obtain inside
the hollow cathode. Third, gain has been reported

2
previously by Freiberg and Clark ' in the Faraday dark
space in the middark
Faraday
space. Obtaining the

550

dle of the cathode cross section is done by adjusting the

530

gas pressure, mixture ratio of C0 2:N2:He, and current

and by using a relatively large diameter (in our case i.d.
= 1.1 cm). As a result, the negative glow forms a C

0 1:3.2:14.2
A

510

shape close to the cathode surface with a thickness of
-2 mm, and this thickness changes depending on the
discharge parameters. From visual observation, the
anode glow was always found to exist at the attainable
pressure range (6-15 Torr), while no positive column
was observed. The Faraday dark space is somewhat

1:3.2:18

490

470

unusual because of the focusing effect of the slotted

450

hollow cathode configuration compared to a plane
cathode geometry. In this Faraday dark space, the
CO2 laser gain was found to be comparable to the gain
in the regular longitudinal positive column plasma for
the same gas pressure, mixture ratio, and flow rate.
Figure 3 shows the V-I characteristics exhibited by the
transverse hollow-cathode discharge for different gas
mixtures.
Ill.

0 1:3.2:8
CO2 N:He
2

430

410

390

Gain Measurements

Single pass gain measurements have been performed as a function of gas mixture ratio, pressure,
current, and radial distance from the cathode. Other
measurements such as gain as a function of E/P and gas
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Fig. 3.

Voltage-current

characteristics of the waveguide discharge.

temperature were not performed. Since the operating
pressures are all above 5.2 Torr, the effect of Doppler

M2

Ml

broadening is small compared to collisional broadening.22 23

Therefore, in deriving the small signal gain

equation, the inhomogeneous line broadening is 2ig4
nored. The homogeneous linewidth is '100 MHz.
For a gain medium of length L the gain is given by.

I
go=1
g°=L lnI(0)
1
L

Ion
Ioff

(1)

where Ion = intensity with discharge on and Ioff =
intensity with discharge off.
The gain measurements were performed using the

apparatus illustrated in Fig. 4. A conventional low
power CO2 laser was used to provide a low order TEM

mode probe beam. The higher-order modes were
eliminated by an aperture. The probe beam laser has
a 1-cm diam 150-cm long water cooled discharge tube

with a Brewster window at each end. The discharge
tube was placed between a 2-m gold coated curved
mirror and a flat germanium mirror with 80%reflectivity, forming a 185-cm long resonator. The discharge
current was 15-25 mA at 5-8 kV. The gas mixture
CO 2:N 2:He of 1:1:8 was used at a pressure of 7-10 Torr.

Since the probe beam is invisible, a He-Ne laser was

used to show the probe beam path, as shown in Fig. 4.
The flat mirrors Ml and M 2 provided the alignment of
the He-Ne laser. The available beam splitter M 3 (80%

reflectivity at 10.6 Mim)served as the point where the
invisible 10.6-Mmbeam merged with the He-Ne beam.
After this point, the two beams propagate collinearly,
and M 4 (maximum reflectivity at 10.6 Mm)redirects

CATHODE

Fig. 4.

Gain measurement

apparatus.

the beam to M5 . The two mirrors M 5 and M 6 (M6 is
maximum reflectivity at 10.6 Mm) provide the alignment of the two beams to propagate through the waveguide parallel to its axis.
The probe beam is scanned across the amplifier
cross section by translational movement of M6 . The
salt windows sl and s2 are mounted at the ends of the
amplifier. After passing through the amplifier, the
probe beam is detected by a Scientech 362 power meter. Equation (1) requires two sets of power measurements when the discharge is on and off. During these
measurements, the low power probe beam did not exceed 0.3 W. This corresponds to an intensity of 9.5 W/
cm2 , which is well below the reported saturation intensity of 45-189 W/cm 2 .13 2, 3 A gas flow rate of -1 SCHF

was used during all gain measurements.
Due to discharge instability and arcing at lower ratios of He/CO2 , it was difficult to examine the gain
15 May 1989 / Vol. 28, No. 10/ APPLIEDOPTICS
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when the ratio of He/CO2 is <8. The optimum choice
of gas mixture to have a stable discharge and a relatively high gain was at a C0 2:N 2:He ratio of -1:3.2:14.2.

From Figs. 5 and 6, the highest measured gain is

-140%/m for a mixture of 1:3.2:8 at a current of 0.5 A.

The gain increases as the ratio of He/CO2 decreases,
and the gain is higher at higher current as shown in Fig.
5. From Fig. 6, the gain is highest when the ratio of N2/
CO2 is 2-3.5. The sensitivity of the gain to the N2 /CO2
ratio increases as the He/CO2 ratio increases.
The effect of pressure on gain for two gas mixtures is
shown in Fig. 7. Gas mixtures with lower He/CO 2

ratios were not considered here due to arcing and discharge instability at higher pressure. Figure 7 illustrates that the gain increases with increasing pressure
until it reaches a maximum and then decreases due to
increases in temperature.' 3 At higher pressure, the
discharge contracts to the cathode surface.
The transverse gain profiles across the waveguide
(cathode) were measured for different gas mixtures at
1900
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Fig. 8.

Gain profile for the 1:3.2:14.2 gas mixture at 7 Torr.

different discharge currents and pressures. Figure 8
shows the results of some of these measurements.
This figure and other measurements reveal that close
to the cathode at the end of the intense part of the
negative glow the gain increases with increasing distance from the cathode until a maximum value is
reached. Beyond this point, the gain decreases. The
peaks of the gain curves increase and shift toward the
cathode surface with increasing pressure and with lower ratios of He/CO2 . The gain curves also are flattened
somewhat with higher ratios of He/CO2 . This is important, since more uniform gain may lead to better
laser mode quality.2 3 These measurements also reveal
that an increase in the ratio of He/CO2 beyond eight
causes an increase in the intense part of the negative
glow, and this shifts the gain region away from the
cathode surface while reducing the peak value of the
gain. In general, the gain peaks tend to be located
between 2 and 4 mm from the surface of the cathode.
Due to arcing at higher currents, the range of cur-

rents was kept between 300 and 500 mA. The gain is

found to increase with current in this range, except for
very high He levels, and it is found, for example, that
for the ratio of 1:3.2:18 the gain is lower at 500 mA than
at 400 mA. This may be due to an observable increase

in length of the intense part of the negative glow with
current. Also, for a given E/N the average electron
energy increases when the proportion of He is increased, because He has none of the inelastic vibra-

tional losses that are present in CO2 and N2 . Thus,
to excite the upper laser
electron energies sufficient
25
level occur at lower E/N.
The previous measurements illustrate the availability of high gain in this device and show that the opti-

mum choice for gas mixture ratio and gas pressure is
-1:3.2:14.2 of C0 2:N 2:He and 7 Torr, respectively.

------

Fig. 9.

Waveguide coordinate system.

space modes. The Cartesian free space electric field

modes for waves propagating in the z direction are
given by
= E0 W(z) H.m (fx"
Emn(X,Y,Z)
\w(z)/
(w(z)) H,(,~

Metal Waveguide Laser

IV.

(l

The amplifier studied in the last section is turned
into a laser medium by placing it inside an optical
resonator. This optical resonator consists of two mirrors, one is a 1-m curvature gold coated mirror and the
other is a flat germanium mirror with 95%reflectivity.
The waveguide length is 42 cm, and the distance between each mirror and the end of the waveguide is -35 mm. The mirror spacing from the waveguide, which
controls the coupling efficiency between the modes of
free space, has been
the waveguide and the modes of
26
Chester.
and
studied by Abrams
The modes of curved concave metal waveguides

X exP[-ikoX 2+Y

2RWz

They showed that these waveguide modes could be
described in terms of Hermite-Gaussian functions parallel to the waveguide surface and Airy functions in the
perpendicular direction. The results of their study
are briefly summarized, and the coordinate system
shown in Fig. 9 will be used in this discussion.

The

major and minor radii of curvature are ro - 46 m and Ro
= 5.5 mm, respectively, r' is the distance perpendicular
to the waveguide surface, z is the distance across the
waveguide, and 0 is the angular distance along the
waveguide.

Using this system of units the electric field is given

by 8

1

E~I2
=EF
Emn(r'*tbz)

X2

3

r' -

_

Pn

Hm(f

-

k0 z)],

X exp(4 2exp[i(ik

)

(2)

where E 0 is the normalizing factor, Pn is the nth zero of

the Airy function F, ko is the free space propagation
constant, Hm is the Hermite-Gaussian function, i is a
phase shift, and w, is the steady state spot size given by
F2(rRo) /1/22
Ws=L

ko

.

3

If we were to neglect the effect of the waveguide
walls on the propagating wave, the modes would be free

z

)I, (4)

where R(z) is the radius of curvature and w(z) is the
spot size of the beam at a distance z from the waist wo.
The spot size is given by
W2(Z)

= W [1 +

(-)]

(5)

for a free space mode. In our half-symmetric resonator the waist spot size would be
2
2 = X (dR)1/ (

and experimenhave been investigated theoretically
27
8
tally by Casperson and Garfield and Marhic et al."',

]exp[i(koz+

- x 2+

/2

(6)

2

ZO =

WrWO

_

(7)

where Xis the wavelength, d is the cavity length, and R
is the radius of curvature of the curved mirror.
The laser beam is IR, and its cross section has been
made visible by letting the beam strike a fluorescing
surface of a thermal image plate. The output modes
were always nearly perfect lower-order modes. This
suggests that the gain in the middle of the waveguide
along the optical axis is highest and decreases sharply
away from it. Also, the cathode-anode separation acts
as an aperture.
At low current and pressure of 600 mA and 7 Torr,
respectively, the optimum output modes were freespace lower-order Hermite-Gaussian modes. At higher current and pressure, 900 mA and 10 Torr, respectively, the optimum modes were low-order AiryHermite-Gaussian modes. This difference in mode
shapes can be explained as follows: at low current and
pressure, the thickness of the gain medium is smaller
than the distance between the gain medium and waveguide surface. This makes it almost impossible to
make the beam use the waveguide surface as a guiding
medium because the medium between the gain medium and the waveguide walls is thick and lossy. But at
high current and pressure, the gain is high very close to
the waveguide surface. Therefore, the system lases
best when the mirrors are tilted causing the beam to
15 May 1989 / Vol. 28, No. 10/ APPLIEDOPTICS
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used in our gain measurements. The maximum
TEMoo power obtained from this metal waveguide la-

100

ser was over 1 W.
80

V.
I

400

The design and operation of a dc-excited cw CO2
metal waveguide laser, in which a slotted hollow cathode in a transverse discharge also doubles as a metal
waveguide has been presented. The resulting transverse discharge has many advantages which include
low voltage excitation, positive impedance, discharge
homogeneity along the optical axis, and the unexpected high gain of the special Faraday dark space formed
near the center of the cathode. Another attractive
feature is the high thermal conductivity of the cathode
walls, which leads to increased optical gain. The discharge was found to be stable at ratios of He/CO2
higher than 8, and the gain was found to increase with
current and pressure.
Lasing has been achieved using the above amplifier.
The output transverse modes are found to be clean
lower-order modes due to the uniformity and shape of
the gain medium which favor such modes. The modes
were found to be either free space modes or waveguide
modes depending on the discharge conditions. The
lower currents and pressures tend to favor the Hermite-Gaussian free space modes, while the higher currents and pressures favor the Airy-Hermite-Gaussian
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follow the waveguide surface. In these conditions we
get the waveguide modes.
One of the most important aspects of a laser's performance is the power dependence on current. We have
measured the laser's output power as a function of
current for different gas mixtures and pressures.
These measurements were done using a Scientech
model 362 power meter.
Figure 10 shows that at 7 Torr the power is almost
linearly proportional to the current up to over 500 mA
for the different gas mixtures shown. But for higher
current, Fig. 11 illustrates that the power increases less
with current. The reasons for this behavior may be
due to increases in temperature and a faster rate of gas
contamination. Finally, it may be observed that for
the same gas mixture ratio, flow rate, and energy input,
the efficiency of the waveguide laser is the same or
better than that of the conventional longitudinal laser
1902
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Optical sensor of high gas temperature
An optical fiber temperature sensor withstands hot engine exhaust gases. The sensor is more reliable than thermocouples or
resistance temperature devices, the wires of which are subject to

heat- and vibration-induced failure. It is more accurate than conventional pyrometers, which are prone to errors caused by shifts in
the emissivities of gases with changes in temperature and composi-

tion.
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Fig. 5.

Optical fiber sensor projects into a stream of hot gas. The

temperature of the metal film on the tip of the sensor is essentially
that of the gas. An optical fiber cable conducts thermal radiation
from the film to a photodetector.
The new sensor consists of a shielded sapphire rod with a sputtered layer of precious metal on its end (see Fig. 5). The metal layer

acts as a blackbody. It emits radiation that has a known dependence of spectral distribution with the temperature of the metal and,
consequently, with the temperature of the hot gas flowing over the
metal. A fiber optic cable carries the radiation from the sapphire
rod to a remote photodetector.
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Fig. 4. Thin concentrated layer of dopant would narrow the
Schottky barrier, reducing its effective height from 0 to oeff.
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